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SECTION I
INTRODUCTION

Following the discovery and development of the laser. applications which
utilize the brightness and collimation of laser beamis have proliterated. Muny of the
applications require wide angle, high resolution laser beam sieering. One such appli-
cation is laser recording. The effort under this contract is to develop a magneto-optic
laser beam steering device which can be used in a laser recording application. Tle
device goal is that an 875 line, 1000 spot. 70 frame/see raster is to be generated with
low drive power and enough optical efficiency to allow recording on 3414 film witn
moderate laser beam power. The concept of magneto-optic laser beam steering Fas
been demonstrated during work sponsored mainly by two previous United States Air
Force contracts (F33615-72-C-1083 and F33615-73-C-1035). and the results are

. , : 3
found in the Final chorts.I e

Following a brief description of magneto-optic laser beam steering. the work
pertermed for this contract is described. The two main tasks are: 1) preparation of
the stripe domain BRIG, (Bismuth substituted rare carth iron garnet), crystal and 2)

design and fabrication of the drive electronics.

A magneto-optic light deflector based on the stripe domain phenomenon is
inherently a wide angle, two dimensional. high resolution deflector. Ditfraction of a
light beam occurs as a result of a periodic variation in the wave amplitude or phase
across a wave normal surface. Magnetic stripe domains can introduce a periodic 1807
phase variation in a light beam. Consider an array of stripe domains in a magnetic
platelet and a light beam propagating normal to the platelet, Figure 1. A stripe
domain is a long, straight region of uniform width in which the magnetization vector
is nearly constant. In an array of parallel stripe domains the magnetization in cvery
domain has one component which is in the plane of the platelet and parallel to the
stripe direction (see Figure 1, where the domains are parallel to the x-axis). This
component has a constant magnitude cverywhere in the array and causes the stripes

to line up with the applied magnetic field. The other magnetization component

l'l"echnicul Report AFAL-TR-72-396 (March 1973)
2Technical Report AFAL-TR-74-183 (September 1974)
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Figure 1. Stripe domains in a platelet. One component of magnetization, M.
points out of the plane in the odd-numbered domains and into the
plane in the even-numbered domains. Light propagates upward with a
wave vector K perpendicular to the platelet and is rotated clockwise
Jwith respect to K in even-numbered domains and counter clockwise
in odd-numbered domains. The rotated optical electric vector is b

the initial is k-, and the alternating component i BA-
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which is normal to the plane of the platelet introduces the periodic phase variation
in the light beam. This component points parallel to the z-axis in the odd numbered
domains and the opposite way. antiparallel to the z-axis in the even-numbered do-
mains (sce Figure 1). Since the sense of the magneto-optic polarization rotation
depends on whether the light propagates parailet or antiparaliel to the magnetiza-
tion. this arrangement produces a ditferential Faraday rotation between hight passing
through the even-numbered domains and the light passing throagh the odd-
numbcered domuins. The difterentially rotated light beam has an electric component
which is orthogonal to the incident electric vector polarization and which has 180°
alternations (parallel and antiparalle! to v axis) which match the periodic domain
structure. In the far ficld regron tus altermating vector adds constructively at angles
Op given by Sin 0, = n A/2d where d is the width of a domain, A s the light beam
wavelength, and nis the order of the beam (n = 0. 1. 3.5 ete). The maximum
mtensity in the diftracted beams is attained when the Faraday rotation is #90°. In
this spectal case 81 of the light goes mto the first order diffracted beams, Y.c goes
mto the third order beam, and so on. Not only do the stripes Tine up parallel to an
applied magnetic ficld but the stripe width depends inversely on the strength of the
applicd ticld. Variations in stripe width of an order of magnitude have been
measured. Thus, both the ditfraction angle and the diffraction axis can be varied by
the applicd magnetic tield. Consequently., stripe domains can be used as o wide
angle. two dimensional light deflector. Changes in diftraction angle of 207 and
changes in deflection axis of 360° have been measured with a green (5145 A) Ar

Laser line.

The rate at which a stitpe domain deflector can scan is the rate at which the
stripe domains can be altered. This depends on the intnnsic properties ot the stripe
domain clement, and the rate at which the external magnetic tields used to control
the stripes can be changed. There are two basic switching modes for niagnetic
platelets: wall motion and magnetization rotation. While the speeds of both
processes depend on the materials used and the magnitude of the ficlds applied. the
lutter process oceurs typically in approximately 10 nanoscconds, while the former
process takes place in a few microsceonds. While cither mode is possible with the
stripe domain deflector, the wall motion process appedrs preferable at this point
because the electronics for applying the magncetic field are simpler. and because the

extra speed of the rotation process s not requured for the apyhications anticipated.
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The etticiency of the deflector can be dramatically improved by using the high
figure of merit girnets. The efficiency vs wavelength is shown for various materials
in Figure 2. The original 1.06 um muaterial was YIG. The efficiency is about .14 at
room temp and about .8 for YIG at 77°K. The value for YIG shown in Figure 2 is
lower than this but reasonable since the efficiency depends on the exact location of
the absorption band edge. The efficiency of (A‘.dz bi FcS 0y»- is over . for a broad
range of wavelengths at room temp Furthermore. the high rotation allows the use of
platelets which are about 300 um thick for single pass operation und which are
about 30 um thick in multiple pass configuriation. The efficiency of Bi.7Y2_3FeS
0y is also quite high. It is expected that by increasing the bismuth content, the
efficiency can match that of the Gd garnet. Even at shert wavelengths 63284, the

efficiency is at least 15%.
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SECTION i
DEFLECTOR CRYSTAL PREPARATION

A. Background

Liquid Phasc epitaxy was selected for the method of BRIG deflector crystal

Le tn principle

preparation on the strength of previous deflector crystal preparation.
it is the most direct way to obtain planar garnet structures which are optimized for
wide angle, high resolution laser beam steering at 6328A. The crystal uniformity and
perfection is limited only by the perfection of the substratc crystal and the closeness
of substrate to epi-layer lattice match (at temperatures ranging from growth
te.aperature to room temperature), provided that straightforward precautions are
observed during substrate preparation and crystal growth. Alternative methods of
deflector crv.tal preparation include slow cooling of a melt for bulk crystals, top-
sceded growth at a constant melt temperature, and hydrothermal growth for layers

or free crystals.

Prior to the start of this project, epitaxial garnet crystals of BiYblG had been
grown from two distinctly different types of Bi;O3 melts: Bi;Oj3, high temperature
(900 - 1100°C) melts for which garnet is the precipitate and low temperature (800 -
900°C) melts for which garnet is not the primary precipitate. The high temperature
melts produced crystals which were used to determine the lattice constant vs growth
temperature curve, Figure 3,for BiYbIG and BiYIG. The low temperature melts

always produced crystals which were smoother and had fewer cracks. One would

expect on the basis of Figure 3 that epitaxial BiYbIG crystals grown on GGG at temper-

atures below 1050°C should exhibit a compressive strain since the free lattice con-
stant of such a BiYbIG ought to be larger than the substrate lattice constant. The
compressive nature of the strain can be spotted casily by observing the domain struc-
ture. What was observed was that the magnetic anisotropy of every crystal grown
prior to April 1974 (and every one since) is normal to the film plane. It some of
these crystals were under compressive strain the anisotropy ought to be in the plane

(or at least some of the crystals should have normal and some should have in plane

I Technical Report AFAL-TR-72-396 (March 1973)
Technical Report AFAL-TR-74-183 (September 1974

7
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anisotropy). It is assumed that the Bi® ¥ ions do not influence the growth induced
anisotropy. Thus, we undertook to measure the thermal expansion rate of the

BiYbIG crystals relative to the substrate material.
B. BRIG Thermal Match

The pseudomorphic modcl3 for epitaxial garnet crystals shows why garnets such
as YIG can be grown on substrates such as GGG in such a way that the strain present
in the crystal at room temperature depends only on the lattice match at room
temperature. The differential thermal expansion may be off-set by a deliberate
lattice mismatch at growth temperature. Hence, when the crystal is cooled to room
temperature the differential thermal contraction is compensated by the initial state
of strain present at growth temperature. The differential thermal expansion rate
(e.g., tor YIG on GGG) is small. Typical differential expansion coefficients are 1-2 x
1076 per °K.3

A crystal, 421, was selected for the thermal mateh measurement. It wis grown
from a low temperature non garnet melt, and is mechanically sound enough to pro-
vide x-ray data. The crystal was fixed to a goniometer in such a way that it could be
heated to a given temperature while the spacing of the (888) planes was measured.
The resolution of this particular single-crystal x-ray technique is about 0.003A:
however, smaller differences can be detected when the peaks are well separated. So,
if Ao~ 1 x IO‘6/°K, then the film peak would be nearly stationary relative to the
substrate peak as the crystal temperature is varied from 22°C to 162°C. Note that in
this case (Ao) (A T) ay ~ 0.001A. On the other hand. if Aa is miuch farger than 1 x
1076 then the (888) x-ray peak separation should change as the crystal is heated
from 22°C to 162°C. This is exactly what was observed. In Figure 4, A al, the
lattice difference, (a, - ayp) l, in the direction perpendicular 4. to the crystal plane
is plotted vs. crystal temperature. The data shows that A al changed by 0.025A.

A lower bound for |Aal can be derived from this data: Aa ~-14 x 1070/°K.

This is about a factor of 12 different from A« for YIG on GGG.

3Besser et al. AIP conf Proc No §. (1971) P 125,

9
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As a check on the instrumentation, A at was measured for several samples of
YIG on GGG. Figure 4 shows A alvs. crystal temperature for a CVD YIG crystal
(provided by Autonetics) and for a LPE YIG crystal. The agreement of the measured

A« and published Aa for the CVD YIG crystal is excellent.3:%:3

Figure S shows data for YIG crystal 609 grown in a PbO melt, While the actual
mismatch is large, (0.030 A), at room temperature. the computed Aa=-2.5 x 1076,
This compares favorably with a value computed for YIG on the basis of data given

by Geller et al. 34>

Thus the measurement technique is verified with respect to the value of Aa
computed for BiYbIG. One interpretation of such a large Aa is that it is due to the
presence of the Biions in the crystal. Another cause of the large Aa could be
platinum contamination in thc crystal. An experiment was conducted to probe
this question and is described in this section. The measurement was also per-
formed on a BiTm IG crystal grown in a PbO melt: the result is substantially the

same.

In order to understand and explain the lattice constant mismatch for the
BiYbIG film in Figure 4 it is helptul to consider papers by Besser3+0 ot al and
Makino et al” on stresses in epitaxial films. In these papers a model is developed to
explain film stress and sign in terms of room temperature, lattice constant mismatch
and thermal expansion cocfficients. The model assumes clastic behavior between
room temperature and growth temperature. The model is most applicable when
thermal expansion coefficients for the film and substrate are reasonably well
matched, ¢.g., Iar-— O‘sl <1-2x 10—(’/°K. The validity of the model for CVD
magnetic oxide films has been demonstrated by ferromagnetic resonance measure-

ments and by observations of magnetic domain structures and film crazing.

In general, the lattice constant of the film will differ from that of the substrate

at the growth temperature. For purposes of the model, it is assumed that this

4Geller et al, 1. Appl Cryst (1969) 2. 86.
SGeller et al, Matl. Res. Bull. Vol 7. PP 1219 - (1972)
OBesser et al Mat. Res. Bull. 6. (1971 1111-1124)
7Mukino et al AIP Conf Proc. No 18, (1973) 80

10
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mismatch in lattice constants is accommodated in one of two ways. FFor small values
of lattice constant ditference, the misfit is assumed to be taken up by the homogene-
ous eclastic deformation of the film so that it fits to the substrate, which is con-
sidered to be massive compared to « ¢ film so that it does not deform. This range
where the lattice mismatch is accommodated by clastic deformation will be referred
to as Region . As the mismatch is increased, limiting values are reached beyond
which tho stress is relieved by some mechanism, possibly the formation of misiit
dislocations at the interfa ce. This secona range of lattice mismatch will be referred

to as Region [I.

In Region 1, the stress depends only on the room temperature lattice constant
mismatch and is independent of growth temperature. Whereas, in Region 1. the
stress (and hence the lattice mismatch) is due only to thermal expansion mismatch

and is independent of room temperature lattice constant mismatch.

LPE is additionally complicated by the fact that film composition (and there-
fore room temperature lattice constant and thermal expansivity) can be and fre-
quently are dependent on crystal growth temperature. Even so. the above model for

CVD films can be very helpful in understanding the results of LPE film growth.

Another source of mismatch problems could be platinum contamination from
the crucible. A crucibleless technique was devised for growing tilms of BiYbIG.
Robbins et al3 reported that iron garnet films could be grown on gallium garnet sub-
strates by using a coprecipitated slurry. This technique was adapted so that a film
could be grown free of any platinum contamination. A micro melt of Bi303.l70203
and Yb,O+ was placed on a substrate which in turn was located on a polverystaltine
Bi| Ybat¢5Oy 5 pellet. The pile was then lowered into a furnace and the Bi>O3 in
the micro melt liquified forming a flux that wet the substrate but did not run off the
substrate. After a brief growth period the substrate was removed from the furnace.
X-ray, thermal expansion data was obtained on one such crystal: the thermal mis-
match measured about the same as that of the crucible grown crystals. Thus plati-
num contamination docs not appear to be a significant factor in crystal growth

characteristics or mismatch properties.

8R()hhins et al AIP Conf. Proc. No. 5 (1971) 101.

13
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C. Implications of the Large Thermal Mismatch.

It is important that the crystal grows in Region 1. This is the only way the
domain mobility and uniformity can be optimized. The misfit dislocations generated
by Region Il growth prevent the form:tion of a uniform grating and impede
the motion of the domain walls. What is the consequence of a large Aa for a type |
film? Cronemeyer ¢t al? and Ma hews et al! O have shown that for films on massive
substrates, fractures will occur if the film thickness exceeds the Griffith Crack
Length: he = (I-N)roaJ/SW(A )% N= 1/3 is Poissons ratio. D= 3A is the inter-
atomic spacing, and Aa is the room temperature lattice mismatch. If the crystal
grows in Region I, then the match at growth temperature is within .02A to 054.7
But because of the large differential thermal contraction, the room temperature
match Aa ~ (.1-.02)A ~ .08A; for such a film hc ~ 0.2 um. The thickness of the
epi-layer cannot exceed he: so, the epi-layer thickness must be less than 0.2 um.

BRIG deflector crystals of thickness less than 2 um are not useful.
D.  Crystal Preparation Alternatives

The foregoing has shown that simiple epitaxy is not possible for the formation
of high quality BiYbIG deflector crystals. The following methods were tested

as alternatives:

1. Find a modification of BiYbIG with lower thermal expansivity.

tJ

Modity the GGG or SmGG substrate.

3. Reduce the growth temperature.

4. Abandon LPE in favor of bulk crystals.

While the first alternative is conceptually appealing, the BiYbIG detlector

materials requirements already include: 1) high magneto-optic rotation, 2) low

9(‘r0ncmcycr AIP Conf. Proc., No. §, (1971 115
TOMathews et al, AIP Conf. Proc.. No. 10 Part 1 (1972) p 27l

14
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optical absorption, 3) normal anisotropy, 4) high curie temperature, 5) low magnetic
coercivity or high wall mobility. To add to this not only the lattice match require-
ment, but also thermal expansion requirement, is to add to a list that is already long.

Nevertheless the possibility should not be ignored.

The second alternative should be probed by adding Bi to the substrate. The
ionic radius of Bi3* lies between Pr and Nd and so on the basis of size Bi should
substitute into GGG and SmGG. The gallium garnet can be prepared in either bulk
or epitaxial form. The epitaxial form is used primarily to obtain an insight into
BiGGG properties.

The second approach to substrate modification is the thinning of the substrate
such that it is no longer massive compared to the film. Thinning is accomplished
either by etching or by mechanical/chemical polishing. The equivalent to a thin sub-
strate is a very massive epitaxial crystal. In the limiting case, a BiYbIG rod, is

grown on a substrate seed.

Several methods exist to reduce the growth temperature. PbO -Bi;,03-B,04
Tuxes can be used for BiRIG crystal growth at temperatures below 700°C. However,
until some means exists to prevent the increased optical absorption due to lead
inclusion this approach is rejected. Substrate crystals may possibly be prepared in
this way. Another possible way to reduce the growth temperature is to use the
hydrothermal technique. While this technique has been demonstrated ! 112 for YIG,

it remains untried for BiRIG crystals.

The fourth alternative is accomplished by growing via slowly cooling a Bi»O3
melt or by using a top seeded ionic salt /8203 melt. While the Bi,O3 melt is known
to produce crystals, it would be difficult to obtain large uniform crystals since the
change in lattice parameters (see Figure 3) introduced by cooling the melt would
cause zoning. The top seeded approach is an isothermal method and so it should be
possible, in principle, to avoid the zoning. Of these alternatives cach one was tried

with the exceptions of BRIG modification and hydrothermal. So far the most

U audise and E. D. Kolb, J. Am. Cer. Soc.. Vol. 45,2 (1962) 51
F2Eerrand and Daval, J. Cryst Growth 17 (1972) 312

15
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promising method is thinning of GGG substrates. The results of the various

approaches will be discusseri next.

E. Massive LPE Crystals on Thin Substrates

It has been shown that whenever a massive substrate is used the epitaxial garnet
must meet certain lattice match conditions over the entire range of temperature from
growth to rooin temperature. The condition for the differential thermal expansion
match can be relaxed if the substrate is not massive with respect to the epi-layer, A
massive epi-layer will deform a very thin substrate just as @ massive substrate will

deform a thin epi-layer.

1. Substrate Thinning

Severzi methods have been tried in the thinning of substrates: 1) mechanical
ckonical polishing (Syton. Monsanto), 2) etching in hot phosphoric acid. and 3) ion
machining. The main result is that mechanical polishing to 20-40 um followed by
ctching in phosphoric heated to 165°-185°C is a quick repeatable way of obtaining

substrates 5-10 um thick.

Pieces of GGG and SmGG substrate material about 600 um thick and 0.5 to
1.0 ¢m dia. are attached to steel dises which are in turn attached to a polishing
fixture. The substrates are quickly polished with a sequence of coarse 320 through
600 erit papers to 200-300 um thickness. Syton is used to remove another 100-200
um. The substrate is then removed from the dise and remounted with the polished
side down. Whenever the bonding agent for the substrate picees does not dissolve
casily in warm water or some other solvent, the steel picce itself is dissolved in nitric
acid. The process is repeated with only a brief trimming with grit paper. Syton is
uscd to reduce the substrate to 20-40 um. Several picces of GGG were thinned to

under 10 um. In all about 30 picces were thinned to under 40 um.

In the course of scarching for a sclective etch to remove GGG from a massive
BRIG crystal. substrates were thinned by a hot phosphoric acid etch. Figure 6 shows

a curve of etch rate vs. bath temperature for GGG. The etch rate was substantially



-—
=]
i

i 1 1 1

ETCH RATE (um/MINUTE)

od
(4]
1

i v . -

@

l

-

100

Figure 6. Garnet Etch Rate vs. Bath Temperature.

17

1
200
BATH TEMPERATURE, (°C)

The Bath is Phosphoric Acid.



SR LT

7™

the same for GGG and BRIG in agreement with Millcrl 3, the etch used at 175°Cis a
cenvenient supplement to Syton polishing. Substrates were etched routinely to 10
am maximum thi ‘kness over the area .5 em diameter. A piece of 600um thick GGG
was ctched to 75 um thickness. However variation in thickness by * 25 um were

observed.

The substrate crystals thinned by polishing are not damaged. The phosphoric
etch rate is grcutch for damaged or strained crystals. Thus mechanical defects in
polished garnets would show up in the etch treatment. Occasionally scratches were
revealed by the eteh. Frequently the GGG and SmGG substrates which were supplied

by SRC were free of seratches or pits.
2. LPE on Thin Substrates

A number of BRIG crystals have been grown on thin svbstrates. The main restlt
is that unfractured, sound crystals 2-3 mm across have been obtained. The crystals
were grown in a Bi503-Fe203-Yb>03 melt with the following proportions (215§
moles Bi~03.100 moles Fe»03 and .07 moles of Yb2O3. The growth iemperature
was varicd with changes in the nutrient concentration. The stable phase of this mdlt
is garnct.2 The growth temperatures ranged from 1040°C to 10907C. The long
growth periods make the high temperature garnet melts more usetul than the low
temperature non garnet melts-. Crystals 75 um thick were grown at rates of 1-3

um/min.

The initial crystals were grown on substrates which were = § um thick. Such
thin substrates were too delicate to attach to any platinum fixture. The epi-lavers
were grown by floating the substrate on the melt surface. The upper side of this
substrate usually remained bare. Extreme care was required to prevent spontane-
ously nucleated particles from being trapped beneath the substrate and consequently

from being included into the growing crystal.

131y, . Miller J. Electron Mtls. Vol 1. 4 (1972)
14 1ectro Chem. Soc. Vol. 120 No. S (1973) 678
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It became evident that the 5-10 um substrates are very dilficult to handle, and
that immersing the substrate is preferred to floating it. So, 20-40 um substrates were
mounted in the immersion fixture, thinned to 10 um or less in phosphoric acid, and
while left in the same fixture, immersed into the melt. This resulted in fewer

inclusions, and a better vield of crystals.
3. Statics of BRIG Crysial Films on Thin Substrates

When a film is being grown in a flux at high temperature there is no stress on
the fi.m, provided that the lattice constants of the film and substrate match.
This match can be accomplished by using an appropriate mixture of large or small
rare carth ions in the flux, and by using the proper growth temperature. Thus there
should be no cracking during the growth of the film. Only when such a film is with-

drawn and cooled does cracking occur due to thermal mismatch.

When the filim and substrate are withdrawn the bismuth substituted film, which
has a larger coefficient of expansion than the substrate, is subjected to tension.
Tension on an outside surface causes cracking. An exterior surface can survive a
much larger compressive stress than a tensile stress. Tension inside the crystal is
tolerable. In fact, “tempered™ glass is made by cooling hot glass quickly enough so
the outside layer solidifies before the interior. This puts the outer surface of the
glass in compression and the interior in tension. Such glass is extremely tough. Thus
the problem is to either make a film-substrate combination such that, upon cooling,
the exterior film surface is under compression, or at the very least, under very much

reduced tension.

The desired goal of making a crystal-substrate combination such that at room
temperature the exterior surface of the film is in greatly reduced tension or in com-
pression can be achieved by the use of thin substrates. There are three cases: in the
first. film layers ar¢ grown on both sides of the substrate (see Figure 7). If the
substrate is thin, it will be casily compressed, thus relieving much of the strain of the
films. In the second case, a film is grown on only one side of the substrate (sce
Figure 8). If the substrate is not too large in arca. the strain will cause a dish-like
deformation. When the substrate thickness is less than twice the film thickness. the

exterior surtace of the film is in compression. When the substrate thickness is less
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than half the film thickness, the exterior surface of the substrate is in compression as
well. In the third case, a film is sandwiched between two substrates of equal thick-
ness (see Figure 9). This is done by first depositing a film on a thin substrate, one
side of which is covered by a thin vacuum deposited platinum layer. The film and
substrate are then removed from the melt and without cooling, placed in a second
melt in the same furnace. Here a layer of substrate material (GGG or SmGG) is
deposited. When the film, sandwiched between the two layers, is removed and

cooled, all exterior surfaces are under compression.

The second method has been tried with success. Crack free films 25 um thick
have been grown on substrates ranging from 10 um thick to 25 u thick. However,
the most promising method is the third one. It has the advantages of an unbent film
in which the strain is uniform throughout and of being coated with substrate

material tc which the flux does not adhere.

When films are grown by LPE on both sides of a substrate, and then cooled.
both substrates and film will deform without bending due to the difference in

thermal expansion coefficients. Define the following symbaois:

Let T =  room temperature
T, = growth temperature
of = stress in film
o = stress in substrate
o = coefficient of expansion in film
oy = cocefficient of expansion in substrate
E = Young’s modulus of film and substrate
h¢ = thickness of film
hg = thickness of substrate
S¢ = strain in film
S = strain in substrate
So = sp- sgat growth temperature

22
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The Young’s moduli of both garnets (film and substrate) are assumed to be
the same. The first equation follows from the definition of the coefficient of

expansion:
Sg- Sg= (a5 - a) (T- Ty) + S, (N

This equation is true even if the film and substrate are stretched by external forces.
The term S0 arises if the lattice constants of film and substrate are different at

growth temperature.

The second equation is a statement that the net sum of all forces on a static

tody must be zero:

2ofhp +oh =0 (2)
The third equation is that the stress is proportional to the strain:

op = ESpand og = ESg (3)

Equations (1), (2), and (3) are three simultaneous equatjons that, when solved,

yield:

hy
sf=[(af—as)(T-To)+sol/ll+2ﬁ'| (4)
s
This equation shows the advantage of using a thin substrate. For example, if the film
thickness and the substrate thickness are equal (hy = hy), then the strain of the film

is only one third of the value the strain would be if the substrate were very thick.

When only one side of a substrate is covered by a film, the combination will
deform when cooled to room temperature. Two types of deformation are possible: a
spherical deformation like a saucer and a cylindrical deformation. The former is
energetically more favorable for small area substrates and small strains, the latter for

large substrates and large strains. The condition for the existence of the spherical



deformation is very roughly that the radius, R of the substrate satisty the following

condition:

o (e hy)
(g = ap) (T - Ty) + S,

when hS ~ hf (5)

Let us suppose that this condition is met. We wish to calculate the strain in the
substrate and film. To do this it is necessary to first calculate the torque in an
unbent substrate, and next calculate the amount of bending necessary to generate a

compensating torque:

Consider an unbent substrate with a film on one side only. The equilibrium

balance of torces is given by the analogue of equation 2:
ofhy toghg =0 or (64)
SShS + S'h f =0 (()h)

These forces form a couple. The torque Ty of that couple about the interface is:
\

A 9
T, =k (-—SShS- - Sl ) (7)
2

Y

Since the torque of a couple is independent of the point about which it is
measured, this is the torque about the center of the whole film and substrate.
Equations 6b and 7 can he combined to vield:

S.h Sihy
— 1 08s A= p 2 1 )
T,=E=32 (hythp=-E == (hg+hy) (¥)

2l

The next step is to allow the beam to bend: this creates a compensating torgue.
Let us caleulate the magnitude of that torque Tg about the center of the combined
fitm and substrate. At that point we define Z = 0 where Z is the distance normal to
the film plane. Let the strain at the outside surface due to bending be Sy, Then the

strain S' duc to bending is given by

st =27 (9)

Ils + hf

25



NI

The torque due to bending is given by

Vz(hs'f'hf) (10)
Tg=k fS‘ ZdZ
- (hS + h‘)
The combination of equations 9 and 10 yields

s
h. +he)= ES
T _Ugthpm B Sy (1)
B 6

In order tor the torques to be balanced, expressions 8 and 11 must be equal:
= ]
T,+Tg=0 (1)
The result is
Sthyp Sshg

= -3 - (13)
hs + hf hS + hl'

Sb=3

The total torque on the exterior substrate surface is:

S.+S.=§S 3 hs (14)
Cha S hg + hy

The total torque on the exterior film surface is:

3 hr

Sp- Sy =S¢ |-
t \ f
L hg +

(15)

where. for the film on one side of the substrate only, Sy is given by the analogue of

equation 4:

(o - o) (T- To) + So
he
[+

hS

S¢ =

(16)

Equations 14 and 15 are plotted in Figure 10. It shows the strain at the
surfaces of a bent film as a function of fractional substrate thickness. Figure 10

shows that the strain at cither surtace can be cither compressive or tensile depending
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on the relative thickness of film and substrate. The stress at the exterior film surface
is tensile if the substrate is more than twice as thick as the film; that stress is com-
pressive if the substrate is less than twice as thick as the film. The stress at the
exterior substrate surface is tensile if the substrate is more than half as thick as the

film; if the substrate is thinner, that stress becomes compressive.

The situation is perhaps casier to understand by referring to Figures 11-15.
There the strain throughout he thickness of both film and substrate is plotted for
various film and substrate thicknesses. Since cracks originate at the surfaces and not
in the interior it is desirable to have a substrate that is less than twice the film thick-
ness: then, any cracks will first appear in the substrate. It is even more desirable to
have a substrate that is less than half the film thickness since then both exterior sides
are in compression, and should not crack. Experimentally we are growing films

about 25 u thick.
4.  Results of Massive Crystal LPE

The crystals grown in this way are characterized as follows: The magneto-optic
rotation is 1 - 3 x 10%°/cm. Several crystals have over 45° rotation per pass. All of
the crystals have stripe domains. However, the stripes are not of the quality

necessary for laser beam steering. The cause for this seems to be Region 11 growth.

The substratc has been removed from crystals ~ 3mm x3mm. The removal, and
with it the removal of the bending strain. does not improve the domain quality
substantially. A pronounced hill and valley structure developed during growth on
the surface of crystals thicker than 25 um. The removal of this outermost region

improves the domain structure only slightly.

Both the outer and inner sides have been ion machined. This process ought to
remove the surface strains and normally does imprcve the domain wall mobility. The
effect of etching a smooth BiYbIG crystal in hot phosphoric acid is to create

numerous pits. The BiYbIG crystals so grown are probably grown in Region 1.

The hill and valley structure takes the form of (110) faces with rapid growth

occurring in the (100) direction (as opposed to the desired (111) direction). This is
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particularly noticeable on the edges of the substrate where (110) plates grew in
(100) directions at rates of 15 um/min. The plates contain stripe domains and +45°

of rotation was observed in some of these plates.

In summary a method has been devised and demonstrated for preventing
epitaxial BRIG fracture. The main advantages of LPE are incorporated into this
method: planar, nearly perfect substrate crystals are culled and the substrate crystal
prefection is available to the epitaxial crystal. Region I growth must be guaranteed

and so in-plane lattice match measurements for these crystals must be obtained.

F. BiGGG Substrates

The use of BiGGG (bismuth substituted) substrates to reduce thermal
expansion difficulties was investigated. Sufficient bismuth substitution should
increase the lattice constant and thermal expansion coefficient of the substrate
and allow for a better film substrate match. These substrates were prepared at
Sperry Research Center. The substrates were sliced from bulk crystals grown
from a PbO flux. The substrates were polished in our labs. X-ray fluorescence

indicated the presence of bismuth in the substrate material.

A BiYbIG crystal was successfully grown on one of th: BiGGG substrates.
X-ray data tor the thermal dependence of the lattice mismatch is shown in
Figure 16. A second BiYbIG crystal was grown under identical conditions and its
x-ray data is also shown in Figure 16. The similarity of the two curves suggests that
the two substrates are not very different. Other x-rav data shows that (contrary to
expectation) the lattice constant for the BiGGG substrate is smaller than that for
the GGG substrate. Since the slopes of curves are very similar, it would appear that
there is not much Bi (which should increase the thermal expansion coefficient) in
the BiGGG substrate.

The growth of these two films is probably Region 11 type where the room
temperature film stress is independent of room temperature lattice constant
mismatch. For this type of growth the smaller lattice of the substrate should have

improved the room temperature lattice constant match, but this was probably more
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than compensated for by the increased thermal coefficient of expansion of the
BiGGG substrate.

G. Graded Interfaces

Another method investigated to reduce this thermal mismatch problem was the
use of a graded interface where intermediate crystal layers are grown to ease the
transition from the substrate to the final film layer. Epi-layers of BiYGG and BiGGG
were grown in order to 1) determine how to accomplish Bi substitution in a gallium
garnet substrate and 2) determine whether epitaxial Bi-Fe garnet crystals can be

grown in turn on a graded interface.

Several crystals of BixY3_ x0a501> and Bide3_ xGaSOl 7 Were grown on
(111) GGG substrates from a Bi203 melt containing nearly stoichiometric amounts
of Y203 and Ga203. X-ray data shows that very little, (x <.1), bismuth substituted
into these crystals. Upon the suggestion of Dr. Kestigian at Sperry Research Center,
an amount of PbO equal to the amount of BiyO3 was added to the Gd melt.

Crystals of BiGGG were grown with x < .2.

X-ray data taken on three of these crystals showed that the lattice constant of
the epi-layer was smaller than that of the substrate at room temperature. This is
consistent with the bulk grown BiGGG crystals grown at Sperry Research Center.
The data also showed that the lattice constant mismatch was independent of both
measurement temperature and growth temperature. This is further indication that
only a small amount of bismuth went into the film layer, and also indicates that the

growth is described by Region 1.



In connection with Bi substitution in GGG, Sturge, Blank, and Wolfe! > have
reported on the Nd distribution coefficient in epitaxial YAG. They found that the
distribution coefficient is much larger for (110) faces than for (111) faces at certain
Nd melt concentrations. What this means is that more Nd substitutes into a (110)
YAG epi layer than a (111) YAG epi layer. A similar effect may be causing the low
Bi substitutions into our (111) GGG epi-layers.

Several of the BiGGG epi-layers were used as intermediate layer substrates for
BiYbIG crystals. Figure 17 shows that the lattice match Aal for the BiGGG layer
and GGG substrate changes when a BiYbIG layer is grown over the BiGGG layer.
The small shift, 0.0024, which is close to the limit of experimental error, indicates

only a slight mechanical relaxation in the BiGGG layer.

Figure 18 shows the thermal dependence of lattice match relative to the GGG
substrate for three BiYbIG crystals grown on BiGGG intermediate layers along with
a BiYbIG crystal grown directly on the GGG subst.ate. The slopes of the curves
show that all the films have nearly the same coefficient of thermal expansion. The
curve for the film grown directly on the GGG substrate does no<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>